SUMMARY. Substantial quantities of water and nutrients are required for the production of high value nursery and greenhouse crops. As water quality criteria are strengthened locally and nationally, horticultural enterprises will have to meet stricter limits on nutrients in discharge water. This study examined the efficiency of an established vegetated surface-flow constructed wetland to mediate nitrogen (N) and phosphorus (P) in runoff water from a commercial nursery over a period of 38 months. Maximum oxidized nitrogen nitrite-N (NO 2 -N)] inputs occurred during the spring fertilization period of March through May (11.1 to 29.9 mg•L-1 N) and minimum inputs occurred during winter plant dormancy between December and February (2.8 to 5.2 mg•L-1 N). Nitrogen remediation efficiency averaged 94.7% for March through November sampling dates but declined to a mean of 70.7% between December and February when mean wetland water temperature dropped below 15 °C. Orthophosphate phosphorus (PO 4 -P)concentrations in nursery runoff showed no dramatic changes over months, seasons, or years. Mean wetland influent orthophosphate concentration ranged from 0.7 to 2.2 PO4-P with an overall mean of 1.41 mg•L-1 PO 4 -P for all months sampled. Mean discharge orthophosphate concentration ranged from 0.5 to 2.1 mg•L-1 PO 4 -P with a mean of 1.45 mg•L-' PO 4 -P. Phosphorus remediation efficiency varied widely and there was no correlation with water temperature. This 9.31-acre surface-flow constructed wetland was highly efficient at removing N from nursery runoff from a 120-acre catchment (large container production area), although it failed to consistently lower orthophosphate levels in runoff. This type of constructed wetland is suitable for removing oxidized N forms from nursery runoff and, depending on size, is capable of handling the large volumes of runoff generated by medium to large nursery and greenhouse operations.
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1 To whom correspondence and reprint requests should be addressed. Postdoctoral researcher, Department of Biological Sciences, Clemson Institute of Environmental Toxicology, PO Box 709, Clemson University, Pendleton, SC 29670; e-mail taylor@clemson.edu. growth rates. Currently, only pesticides and some growth regulators are under U.S. Environmental Protection Agency (USEPA) directed use and disposal guidelines, although some state and local water quality standards and discharge effluent guidelines apply to nursery discharges (Alexander, 1993) . However, federal, state, and local environmental agencies are coming under increased pressure from legislative bodies, special interest groups, and the public to further improve water quality and this will likely include new limits on nutrient discharges. Pollutants originating from horticultural practices include not only pesticides and growth regulators but the N and P components of fertilizers. Currently, horticultural enterprises are considered non-point sources of pollutants unless an obvious discharge ditch flows from their property into a regulatory agency monitored stream. Therefore, they have fewer regulatory requirements to meet compared to point source polluters (e.g., sewage treatment plants). However, this status will likely change as water quality criteria are tightened either locally or nationally. The exact approach regulatory agencies will take to achieve future improvements in water quality is not known. The total maximum daily load (TMDL) process, which sets a daily maximum quantity of a pollutant that can be discharged into offsite receiving waters, is the anticipated approach. The TMDL process will have a dramatic impact on how nurseries and greenhouses manage irrigation and runoff.
The major impact of nutrients in runoff water from nursery and greenhouse operations is its potential to cause eutrophication of streams, lakes, and estuaries downstream. Although a natural process in water body aging, eutrophication of aquatic ecosystems can be greatly accelerated by increased inputs of nutrients and organic compounds. This can over stimulate phytoplankton growth, which can cloud water and block sunlight and, during algal decomposition, drop dissolved oxygen to levels potentially harmful to fish and aquatic invertebrates. Two of the major nutrients in fertilizers can lead to phytoplankton blooms, N and P. Excess N (>0.4 mg•L-1 ) can cause accelerated eutrophication (Vitousek et al., 1997; Wetzel, 1983) , harmful phytoplankton blooms (Rabalais et al., 1996) , and eelgrass (Zostera marina) Nursery greenhouse production techniquest rely on adequate supplies of water nutrients, pesticides, and growth regulators to achieve profitable plant decline (Burkholder et al., 1992) . Phosphorus has also been implicated in eutrophication of freshwater systems and the USEPA recommends total P for surface waters entering lakes and reservoirs should not exceed 0.1 mg•L-1 ( USEPA, 1986). However, Daniel et al. (1998) suggested that levels of P between 0.01 and 0.02 mg•L-1 accelerated eutrophication. Nitrate-N in nursery runoff has been reported as between 1.6 and 55.0 mg•L-1 (Alexander, 1993; James, 1995; Yeager et al., 1993) and P between 0.01 and 20 mg•L-1 (Alexander, 1993; Headley et al., 2001; James, 1995) . One means of removing these nutrients from runoff water before it reaches nearby surface or groundwater is through the use of vegetated surface-flow constructed wetlands (CW). Consequently, the objective of this study was to collect data on the efficacy of an established CW system over 3 years to evaluate its sustained nutrient removal rate over a range of climatic conditions, and identify key factors regulating its performance for nutrient management of nursery runoff water.
Materials and methods
SITE DESCRIPTION. The 9.31-acre wetland remediation system was constructed in 1997 by Wight Nurseries of Monrovia Growers, Cairo, Ga. Data collection for this study began Apr. 2002. The CW system treated runoff water from an approximately 120-acre catchment with a two-stage surface-flow vegetated wetland design. A wetland stage was defined by the depth of the water within its banks with the first stage having an average depth of 30 inches and the second stage having an average depth of 8 inches. The catchment was used for growing large container trees and shrubs (primarily 50-L containers) that were microirrigated three to five times daily for 3 to 5 min each cycle as needed. Fertilization was accomplished with a combination of controlled-release fertilizer (CRF) incorporated into the potting substrate and liquid fertilizer injection into irrigation water. Production beds drained into a 1500-ft collection channel that flowed into a 1.0-acre retention pond. The first . 5 inch of a rainfall event was captured in the retention pond (6 ft of pond headspace was required) and excess rainfall was routed over a diversion dam into a storm water retention basin. Water from the retention pond was pumped into two first-stage wetlands that were each divided into three sections by earthen dikes that extended to within 30 to 40 ft of the end of the wetland. At this point water flow from each section rejoined and was allowed to mix before discharge from the first stage. Water inflow was accomplished through three 2
. 5-inch i.d. polyvinyl chloride (PVC) pipes (two pipes only for the final section) at a rate of 250 to 350 L . min-1 per section, depending on daily pump run time. The two first-stage wetlands gravity fed two second-stage wetlands, which were also divided into three sections. Discharge from second-stage wetlands flowed by gravity via a discharge collection channel through two stilling ponds (for suspended sediment finishing) prior to discharge into a nearby stream. Flow through the wetlands averaged Our sampling points in the CW treatment system consisted of: 1) six influent samples from the center inflow pipe water fall for each first-stage section; 2) six first-stage effluent samples; 3) six second-stage inflow samples from just outside the water fall from the first-stage effluent pipe; 4) six secondstage outflow samples from beside the effluent pipe; 5) six discharge channel samples from 3 to 5 m downstream of the second-stage effluent pipe and one sample from 30 m upstream of the first second-stage effluent pipe; 6) single samples of each stilling pond effluent, the discharge channel just before entering an adjacent woodlot, upstream of the mixing point in the receiving stream, and downstream of the mixing point with the receiving stream, including multiple channels when present; 7) seepage within the storm water retention basin that enters the receiving stream; 8) the receiving stream approximately 1 km downstream and after merging with the creek's main branch; 9) a second retention pond that periodically discharges into the runoff collection channel; and 10) three bed drain channels that merge with the runoff collection channel. All water samples were grab samples representing a particular time and location within the treatment system. Water samples were filtered through 0.2-pm polytetrafluoroethylene (PTFE) membrane filters into 1 .5-mL ion chromatography (IC) vials and stored at 4 °C until anion analysis with a Dionex AS50 IC -with AS50 autosampler (Dionex Corp., Sunnyvale, Calif.). After Sept. 2002, concurrent water samples were taken from key sample sites and analyzed for total nitrogen (TN) and nonpurgable organic carbon (NPOC) using a Shimadzu total organic carbon analyzer TO C-V CPH with TNM-1 total nitrogen measuring unit (Shimadzu Scientific Instruments, Kyoto, Japan).
Seasonal inflow oxidized nitrogen (defined as NO2-N + NO 3 -N (NOx-N)) or PO 4 -P concentration was calculated as the mean of the monthly means. Monthly means were calculated as the mean NO x -N or PO 4 -P concentration of six samples taken within 1 to 2 m of the center inflow pipe from each first-stage wetland section. Seasonal discharge NO N -N or PO 4 -P concentration was also calculated as the mean of monthly means. These monthly means were calculated as the mean NO x -N or PO 4 -P concentration of three samples taken at the end of the discharge channel and from the outflow of each stilling pond. Both wetlands were isolated from groundwater inflow and infiltration by excavation into the Btv horizon, a sandy clay loam with moderate to low permeability. Seasonal water temperatures were calculated as the mean ofthe monthly water temperatures. Monthly means were calculated as the mean of 24 to 35 water temperature measurements taken concurrently with water samples throughout the . CW system from inflow through discharge.
STATISTICAL ANALYSIS. Data analysis consisted of mean and standard deviation calculations for the months and seasons. Seasons were defined as the months of December through February for winter, March through May for spring, June through August for summer, and September through November for fall. Variables analyzed were N inflow concentration, N outflow concentration, P inflow concentration, P outflow concentration, and water temperature. All calculations were performed using Excel (Microsoft Corp., Redmond, Wash.) spreadsheet program and data analysis tools.
Results and discussion
Oxidized nitrogen detected in nursery runoff varied seasonally with nursery production practices but both forms were highly manageable using constructed wetland remediation. The mean seasonal inflow and discharge concentration of NO N -N (mg•L-1) and the mean seasonal wetland water temperature (°C) beginning Fall 2002 for the wetland remediation system are shown in Fig. 1 . Total N inputs into the wetland were predominantly from NOx-N forms. Ammoniacal N level in the inflow was rarely above 0.25 mg•L-1 . Nitrogen inputs varied substantially and seasonally due to changes in nursery fertilization practices and the quantity of mature plants being sold and replaced with freshly potted plant material on the growing beds but were well within the range reported by Yeager et al. (1993) for eastern U.S. nurseries. Our overall average input of 8 mg-L-' NO N -N was identical to the mean for production bed runoff of CRF container nurseries as found by Yeager et al. (1993) . Highest average input occurred during spring (11.1 to 29.9 mg•L-' NO N -N) when fertigation was applied and large numbers of newly potted plants were placed in the growing area. During fall growing periods, mean NO N -N concentrations were slightly higher than summer concentrations and ranged from 6.1 to 9.7 NON-N. This occurred because irrigation water fertilization rates were increased to maximize fall growth flushes by plants.
Minimum N input occurred during winter (2.8 to 5.2 NON-N) when most plants in the nursery were dormant. Although liquid-feeding, applications through nursery irrigation water were reduced during summer due to periods of high ambient temperature, which caused some plant species to stop growing, NOx -N levels remained at 6.6 to 7.1 mg-L-1 N because of the CRF incorporated into plant potting substrate. Mean annual NO -N concentration in runoff water was 9.0 mg•L-1, identical to that reported by Huett (1999) for NO 3 -N and slightly below the 10.4 mg•L-1 NO 3 -N reported by Cresswell (1995) from a survey of 13 New South Wales, Australia, production nurseries.
Several researchers have noted a seasonal pattern of N removal in constructed wetlands and have recognized water temperature as an important cyclic stimulus (Dahab and Surampalli, 2001; Kadlec and Reddy, 2001; Kuschk et al., 2003; Taylor et al., 2003) . A similar pattern was found during this study. Nitrogen discharge from the wetland remediation system was greatest and removal efficiency lowest during winter when mean water temperatures were low (10.4 to 15.1°C ) and average daily temperatures for the month were below 15 °C (Georgia Automated Environmental Monitoring Network, 2005). Lowest discharge concentrations and highest removal efficiencies occurred during summer when mean water temperatures were above 25 °C. The highest observed discharge concentration (4.28 mg•L-1 NO T -N) occurred in May 2002 when N loading was the second highest recorded (31.22 mg-L-1 N0 x -N); however, remediation efficiency was 86.3%. Compared to prior years, unusually low remediation efficiencies occurred during Mar. and Apr. 2005 (81.2% and 79.1%, respectively). We attribute this to high hydraulic loading rates (910 and 1073 m 3 -ha-1 per day, respectively) following 2 -week periods ofno loading due to pump problems at the nursery combined with unusually cold and wet weather for the 2 weeks prior to sampling. Over the entire sampling period, remediation efficiency averaged 94.7% for spring through fall samples, and 70.7% for winter samples.
Phosphorus is the most recalcitrant pollutant the horticulture industry must address because there is no significant gaseous loss mechanism ( Kadlec and Reddy, 2001 ). This is a consequence of its geochemical cycle. The only long-term unavailable form of phosphorus is deeply buried phosphate bearing rock. Significant portions of organic phosphorus may be tied up as part of peat buildup in CWs (Kadlec and Reddy, 2001 ). PO4-P Concentrations in nursery runoff showed no ramatic changes over seasons and ears as shown in Fig. 2 . We found hat mean seasonal PO 4 -P influent oncentration ranged from 0.7 to 2.2 mg•L-1 with an overall mean of 1.41 mg•L-1 for all sample periods. This is well below the 5 mg•L-1 P reported or 13 Australian production nurseres by Cresswell (1995) but similar o the 2 mg•L-1 PO 4 -P reported by Huett (1999) for another Australian ursery. However, it is well above the ange of total P reported by Headley t al. (2001) for four Australian nursries (0.05 to 1.5 mg•L-1 ) sampled in ummer and fall.
In this study, mean seasonal PO4-P effluent concentration ranged from 0.5 to 2.1 mg•L-1 P with an overall mean of 1.45 mg•L-1 PO 4 -P for all ample periods, indicating that net P export likely occurred throughout the wetland system. Mean seasonal PO4-P emediation efficiency ranged from an assimilation of 30.4% (Spring 2002) to an export of 39.8% (Winter 2004-05) but varied widely for months, seasons, and years. Assimilation occurred in three of the four spring seasons and two of three fall periods while export occurred during all summer and winter seasons. Rapid plant growth in the CWs seemed to correspond with periods of PO 4 -P sequestration. This generally corresponded to periods of high orthophosphate levels in runoff, but on a month-by-month basis there was no consistent pattern of removal. Unlike N, there was no correlation of remediation efficiency with the water temperature cycle, although positive remediation occurred during periods of either rapid plant growth (spring) or during late season growth flushes. Kadlec and Reddy (2001) noted an increase in soluble P at higher water temperatures, suggesting that the mechanisms of P release are regulated by biological activity. This may account for the consistent export of P we observed during summer months. Overall PO 4 -P wetland remediation efficiency was -2.4% for all sample periods, which spanned the fifth through the eighth years after wetland establishment. Therefore, this monitoring study suggests that over the long term, vegetated surface-flow CWs of this design and loading rate are generally ineffective at removing orthophosphate from runoff and may in fact contribute to stream loading of this nutrient, at least under the conditions encountered at this nursery.
Nurseries have several options for limiting nutrients in nursery discharge water to meet current and future water quality standards. The approach taken depends on several factors, including state water quality standards and discharge effluent guidelines or limits (Alexander, 1993) , rainfall pattern and intensity, catchment topography and nursery layout, and the volume of discharge. With proper management of soluble fertilizers, water quality parameters, water-borne disease organisms, and N and P levels, recapture and holding ponds can be used to retain potential discharge on-site. The least expensive alternative is to reduce the use of N and P to the minimum levels required to achieve profitable plant growth rates and plant quality, as this achieves the goal of cleaner water at both the beginning and the end of production. For horticultural operations that generate large quantities of runoff that require remediation before discharge, surface-flow CWs may offer an attractive alternative. While they do require sufficient land for their construction and are moderately expensive to build and plant initially, surface-flow CWs can be placed on low, unsuitable land and require little maintenance thereafter. This 9.31-acre surfaceflow CW monitored for 38 months was highly efficient at removing N from nursery runoff from a 120-acre catchment, although it failed to consistently lower orthophosphate levels in effluent. This type of CW is suitable for removing oxidized N forms from nursery runoff and, depending on size, is capable ofhandling the large volumes of runoff generated by medium to large nursery and greenhouse growers. Thus, it is a viable option for meeting regulatory limits on N in nursery runoff when other alternatives do not achieve the desired goals.
